Introduction
Clubroot disease of Brassica, caused by Plasmodiophora brassicae Woronin, is an emerging threat to canola production in Canada. In Canada, this disease was first reported in canola fields in Alberta in 2003 (Tewari et al. 2005 and in Saskatchewan in 2008 (DokkenBouchard et al. 2010) . Several pathotypes of this pathogen, such as, pathotypes 2, 3, 5, 6 and 8, were found in canola fields in Canada (Strelkov et al. 2007 (Strelkov et al. , 2016 Xue et al. 2008 ) of which pathotype 3 has been the most prevalent and virulent one in Alberta (Strelkov et al. 2006 ).
However, a few new P. brassicae populations, such as L-G1, L-G2 and L-G3, have recently evolved in the canola fields in this province; these are found to be highly virulent on the available clubroot resistant Canadian canola cultivars (Strelkov et al. 2016 ). According to Tewari et al. (2005) yield loss of canola in Alberta due to this disease can be about 30%. Pageau et al. (2006) reported up to 6 % reduction in oil content in seeds harvested from the infected plants. The longevity of the resting spores of this pathogen in soil (Wallenhammar 1996) is the major constraint for efficient control of this disease by cultural and/or chemical practices (Voorrips 1995) . Therefore, growing of resistant cultivars can secure the production of this crop, and it is also a key component of integrated management of this disease.
A field population of P. brassicae often composed of several pathotypes (ManzanaresDauleux et al. 2001; Strelkov et al. 2006 ) and genetic makeup of the population can change over time (Wallenhammar et al. 2011 ). In the host plant, resistance to a specific pathotype is often controlled by a major gene (Ayers and Lelacheur 1972; Toxopeus and Janssen 1975; Voorrips and Visser 1993; Piao et al. 2004 ); therefore, a cultivar carrying a pathotype-specific resistance often found not to be durable for long time − breakdown of resistance after few years of cultivation in an infested field has been reported by several researchers (Seaman et al. 1963; Oxley 2007) . Therefore, durability of resistance is important for growing a cultivar for a longer period of time, and this can be achieved by pyramiding of different resistance genes (Mundt D r a f t 4 accumulation of multiple minor QTL does not impart strong resistance to this disease in B.
oleracea; however, a major QTL along with two to three minor QTL can confer moderate resistance, while accumulation of all five QTL including the major one results in the strongest resistance to multiple isolates.
The success of gene pyramiding in a cultivar depends on several factors, such as, the number of genes to be transferred and the ease of genotyping and phenotyping the plants (Joshi and Nayak 2010) . Validation of the number of resistance genes pyramided in a single plant or a cultivar is a challenging task as a plant carrying one or multiple resistance genes can show similar resistance phenotype unless the different resistance genes confer resistance to different pathotypes.
Also, testing a plant for resistance to multiple pathotypes is not feasible in a backcross breeding program. In this regard, development of gene-specific markers and use in marker-assisted selection would facilitate the gene-pyramiding task greatly.
Among the cultivated Brassicas, resistance to P. brassicae in B. rapa often shows racespecific reaction controlled by major genes, while resistance in B. oleracea is often controlled by multiple QTL (reviewed by Piao et al. 2009; Nagaoka et al. 2010) . In case of B. napus, some of the swede or rutabaga (B. napus var. napobrassica) genotypes reported to possess resistance to different P. brassicae pathotypes (Ayers and Lelacheur 1972; Buczacki et al. 1975; Crute et al. 1983; Gustafsson and Falt 1986) including the pathotypes prevalent in Canada (Hasan et al. 2012 ). Ayers and Lelacheur (1972) reported that resistance to P. brassicae races 2 and 3 in rutabaga cv. York is controlled by a single dominant gene, whereas the cv. Wilhelmsburger carries one gene for resistance to race 3 and two genes for resistance to race 2. Hasan et al. (2012) reported that the rutabaga cultivars Brookfield and Polycross carry resistance to pathotypes 2, 3, 5, 6 and 8 which are threats to the Canadian canola crop. The objectives of this research was to study the genetic basis of resistance in Brookfield, and map the resistance genes through construction of a linkage map and identify molecular markers for use in marker assisted selection.
Materials and methods

Plant material
The parent materials included a clubroot-resistant rutabaga inbred line Rutabaga-BF and a susceptible spring B. napus canola cv. A07-29NI (UA AlfaGold) (Rahman 2016 is a canola cultivar developed in the Canola Program of the University of Alberta. The line Rutabaga-BF showed complete resistance to Canadian P. brassicae pathotypes 2, 3, 5, 6 and 8.
Crossing and population development
The parent Rutabaga-BF was vernalized for eight weeks at 4°C temperature and an 8/16 hr (day/night) photoperiod, and crossed to the susceptible parent A07-29NI. The F 1 plants were vernalized for eight weeks and F 2 seeds were produced through self-pollination of the F 1 plants.
Backcross (BC 1 ) seeds were produced by crossing the F 1 to A07-29NI. The F 2 and BC 1 seeds were harvested from the individual F 1 plants and maintained as separate family.
Doubled haploid (DH) lines production
Doubled haploid lines were produced from five F 1 plants through application of microspore culture technique (Coventry et al. 1988) . For this, flower buds of 3.5 -4.5 mm in length, where the size of the petals was about 2/3 rd of the length of the anther, were used for microspore isolation. The buds were collected in a falcon tube and were placed on a bed of ice to prevent microspore degeneration.
Prior to microspore isolation, the buds were sterilized by treating with 6% calcium hypochlorite [Ca(OCl) 2 ] solution for 15 min and were rinsed three times with cold sterile milli-Q Millipore water. About 15-20 sterilized flower buds were homogenized in 25 ml liquid B5 medium (Gamborg et al. 1968) containing 13% sucrose using a pair of sterile mortar and pestle.
The homogenate was poured through two layers of nested sterile filters [64 micron top (NTX64) and 41 micron bottom (NTX41)] into a sterile falcon tube. The falcon tube was centrifuged for 5 min at 1000 rpm and the dark green supernatant was decanted leaving the pallet of yellow spores at the bottom of the tube. Microspores were washed three times with B5 liquid medium. After wash, the clean microspore pallet was re-suspended in 30 ml NLN 13 medium (Lichter 1982) containing 50 mg/L colchicine and poured into sterile petri plates. The petri plates were sealed with parafilm and incubated in dark in an incubator at 30°C for 24 hrs. After 24 hrs, the suspension was transferred to a falcon tube and centrifuged at 1000 rpm for 5 min. The D r a f t 6 supernatant was decanted and 25 ml of NLN 13 medium (without colchicine) was added to the microspores and cultured in petri plates for 14 days at 30ºC.
After 14 days, the plates were transferred on a shaker rotating at 59 rpm to provide enough air to the developing embryos. The torpedo-shaped embryos were transferred to solid B5 medium (liquid B5 with 20% sucrose and 2% agar) at a density of 20 embryos per petri plate. The plates were kept at 4ºC for 14 days, and then transferred to room temperature under light (16/8 h day/night) for germination of the embryos and development of plantlets. Seedlings with welldeveloped roots and true leaves were transferred to soil-free growth media (Sungro Horticulture) and covered with transparent cups for about a week to maintain high humidity.
At flowering, the plants producing visible pollen were considered to be doubled haploids, days after inoculation, and the severity of gall development was rated on a 0 to 3 scale, where 0 = no galling, 1 = one or few tiny galls on lateral roots, 2 = moderate galling on lateral roots, and 3 = severe galling on lateral or main root. The details of inoculum preparation, inoculation technique and scoring is described elsewhere (Rahman et al. 2011; Hasan et al. 2012) . Based on disease score, plants with score 0 and 1 were classified as resistant, while the plants with score 2 and 3
were classified as susceptible.
DNA extraction
Leaf samples of the parents and the DH population (3-5 weeks old plants) grown in greenhouse were collected in aluminum foil and kept at −80°C until use. DNA was extracted using Wizard Genomic DNA purification kit (Promega Corporation 2010) following instructions of the manufacturer. The DNA pellet was air-dried for 60 min and rehydrated in 200 µl DNA rehydration solution (TE buffer) for overnight at 4ºC. The quality and quantity of the DNA was estimated by spectrometry using 260/280 nm absorbance ratio, and the concentration of DNA was estimated at 260 nm with an ND-2000 Nano Drop spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE, USA).
Molecular markers
Simple sequence repeat ( 
Polymerase chain reaction (PCR)
Polymerase chain reaction was performed in a total volume of 14 µl containing 45 ng ( of GoTaq DNA Polymerase enzyme, and 6.995 µl ddH20. Amplification reactions were carried out using a GeneAmp PCR system 9700 (Applied Biosystems) starting with 95ºC for 2 min followed by 35 cycles of denaturation at 95ºC for 30 sec, annealing at 56ºC for 30 sec, and extension at 72ºC for 45 sec, with a final extension at 72ºC for 15 min. The PCR products were labeled with M13 tailing technique as described by Schuelke (2000) . For this, each forward SSR primer was attached to a universal M13 primer sequence 5′-CACGACGTTGTAAAACGAC-3′
fluorescently labeled with infra-red (IRD; MWG-Biotech AG, Ebensburg, Germany) FAM, VIC, NED and PET (Applied Biosystems, Foster City, CA) dyes. Electrophoretic separation and detection of the amplification products was performed using a capillary ABI sequencer No. 3730
(Applied Biosystems, Foster City, CA), and was scored and analyzed using Genemapper software version 3.7.
Map construction and identification of the locus controlling clubroot resistance
All primer pairs that showed polymorphism between the two parents were used to genotype the DH population. Based on segregation in F 2 , BC 1 and DH populations, it was evident that a major gene is involved in the control of resistance to P. brassicae pathotypes in Rutabaga-BF.
Therefore, in the first step, single marker analysis was done with the DH population using the polymorphic SSR markers to identify the chromosome(s) carrying the resistance gene(s). This analysis indicated that SSR markers from the chromosome A8 to be associated with resistance.
Therefore, a genetic linkage map of this chromosome was constructed to identify the genomic region associated with resistance as well as to identify markers from this region. The linkage map Composite interval mapping analysis was done by using the linkage map to identify the genomic region carrying the clubroot resistance gene as well as to identify the linked markers for use in marker assisted selection. For this, genotypic and phenotypic data subjected to Inclusive
Composite Interval Mapping (ICIM) analysis using the software program QTL IciMapping version 4.0 (http://www.isbreeding.net), and the linkage map was scanned for association with phenotypic variation for resistance to P. brassicae pathotype 2, 3, 5, 6 and 8 at every 0.1 cM interval. Empirical threshold levels, which confirmed the existence of the locus at a significance level of 0.05, were obtained by analyzing 1000 permutations of the data set following the method described by Churchill and Doerge (1994) . The location of the resistance locus was declared at the position where LOD score exceeded the threshold significance level of 3.0.
Candidate gene prediction
To identify the physical location of the clubroot resistance gene in the Brassica genome, SSR marker sequences flanking the resistance locus were mapped on B. rapa cv. Chiifu-401 genome sequence assembly version 1.5 (Cheng et al. 2011; www.brassicadb.org) by using electronic-PCR (e-PCR) (Schuler 1997; Rotmistrovsky et al. 2004 ). E-PCR is a computational procedure that search DNA sequences that closely match with the PCR primers in correct order, orientation and spacing, and thereby identify the sequence(s) within the genome which size is similar to the PCR product to be generated by use of these primer pairs. When the primer sequences found to match with a fragment of DNA sequence from the target chromosome and the length of the deduced fragment to be amplified by the primers is similar to actual size of the fragment amplified by these primers, the sequences were considered to be the marker sequence.
The sequence of the A8 chromosome segment of B. rapa cv. Chiifu-401 (genome sequence assembly version 1.5), flanked by the SSR markers associated with resistance, was scanned using Augustus, a server based software program which predicts the ab initio gene in the eukaryotic genomic sequence (Stanke et al. 2004 
Other statistical analysis
Chi-square test for segregation for resistance was done using SAS software version 9.3 (SAS Institute Inc. 2011).
Results
Inheritance of resistance to pathotype 3 in F 2 , backcross (BC 1 ) and doubled haploid (DH) populations A total of 806 F 2 plants and 445 BC 1 plants were evaluated for resistance to P. brassicae pathotype 3. In both cases, a clear bi-modal distribution for resistance and susceptibility was found ( Figure 1A and 1B). The F 2 and BC 1 populations were derived from four F 1 plants;
therefore, a homogeneity χ 2 test was done. The results indicated that all families followed similar segregation pattern (Table 1) , and thus, pooling of data of the four families could be justified.
Pooled data of the four families also fitted well to 3:1 segregation in F 2 and 1:1 segregation in BC 1 populations (Table 1) . Data from the individual families also followed simple Mendelian segregation in most cases. Analysis of data considering disease score 0 as resistant and scores 1, 2 and 3 as susceptible also showed similar segregation pattern (data not shown). Thus, the F 2 and BC 1 data suggest that a major gene is involved in the control of resistance to P. brassicae pathotype 3.
A total of 94 DH lines were produced from five F 1 plants. Homogeneity χ 2 test showed that segregation for resistance to P. brassicae pathotype 3 among the DH families derived from five F 1 plants were similar ( Table 2 ). The distribution of the DH lines for resistance phenotype was clearly a bi-modal ( Figure 1C ). A 1:1 segregation for resistance was found when the five DH families were subjected to χ 2 test individually (Table 2) ; however, pooled data failed to fit to 1:1 segregation. In all DH families, the number of resistant DH lines was higher than the number of susceptible lines, and this cumulatively resulted significantly higher number of resistant line in the whole DH population. However, this deviation was not found among the families of the F 2 D r a f t and BC 1 populations. Taken together segregation in F 2 , BC 1 and DH population, it is apparent that a major gene is involved in the control of resistance to P. brassicae pathotype 3 in Rutabaga-BF.
The DH lines were also evaluated for resistance to the pathotype 2, 5, 6 and 8 (Table 3) . In all cases, the distribution of the DH population for resistance to these pathotypes was a bi-modal (Figure 2 ). In general, most of the DH lines showing resistance to pathotype 3 also showed resistance to the other pathotypes. Of the 68 DH lines considered to be resistant to pathotype 3 (score 0 and 1), 61 lines showed resistance to the other pathotypes (2, 5, 6 and 8) as well. This is also evident from strong correlation between resistance to pathotype 3 and resistance to other pathotypes (Table 4 ).
Molecular marker analysis and mapping the resistance locus
A total of 1,154 SSR primer pairs from 19 linkage groups of B. napus were evaluated for polymorphism between the resistant and susceptible parents. Of the tested markers, 260 (23%) failed PCR amplification while 519 (45%) found to be polymorphic between the parents that can be detected by ABI sequencer. Of the 519 markers, 342 (66%) markers produced fragments with more than 4 bp differences. Based on clear difference between the size of fragments and reproducibility of the genotyping data, 217 markers were selected and used to study linkage association with resistance in the DH population. The reason of using the DH population for molecular mapping was that the same DH line (genotype) could be phenotyped in replicated trials
as well as can be tested against multiple pathotypes, which is not possible with the other two populations (F 2 or BC 1 ).
Of the 217 SSR markers, 207 produced only two fragments -either of the A or the C genome, while 10 markers produced more than two fragments -probably amplifying both the A and C genomes. Single marker analysis identified the markers sS1702, sS2329, sN4145, sR0841, sN0809, A08_5024, A08_5021, sR6068, A08_5229b, BrUA2628, sNRF19, A08_5255, BrUA2654, sN0990bNP, BrUA2650, BrUA2616, A08_4603, BrUA2632, A08_5222b, A08_4987, BRMS097, BrUA2659b, sN12295, BrUA2612, BrUA2641, BrUA2659a, A08_7000, A08_6688, BrUA2620, BrEST33, sN1958a, A08_5500, sN13095a434, BRMS070, sR02133, sR1868, CB10179, BnGMS389, sN2711 and sR688 to be associated with resistance to pathotypes 2, 3, 5, 6 and 8 in this DH population. The markers prefixed with "s", "CB", "BR" D r a f t and "Bn" were previously reported on the chromosome A8 of Brassica spp., while the markers prefixed with "Br" and "A08" were designed in this study based on A8 chromosome sequence of 
Discussion
Results from the present study indicated that resistance to P. brassicae pathotype 3 in Rutabaga-BF is controlled by a major gene located on chromosome A8, where the resistant phenotype exerts dominance effect over susceptibility. The genomic region carrying this gene also confers resistance to other four P. brassicae pathotypes studied in this experiment. To date, nine clubroot resistance loci have been identified and mapped on five chromosomes of the 173 and accounted 26.8% of the total phenotypic variation for resistance to P. brassicae isolate Wakayama-01 (Suwabe et al. 2006 ). According to Suwabe et al. (2012) , the genetic distance between these two flanked SSR markers was 3.9 cM; however, neither of these markers showed polymorphism between the resistant and susceptible parents (Rutabaga-BF and A07-29NI) used in this study. Further study by Suwabe et al. (2012) and Hatakeyama et al. (2013) revealed that the genomic region carrying Crr1 is comprised of two gene loci; the locus with major effect was named as Crr1a and the minor locus was named as Crr1b. They also reported that the gene Crr1a is composed of four open reading frames (ORFs) and show similarity with a TIR-NBS-LRR type
R-gene.
The NBS-LRR is the largest class of known plant disease resistance genes (R genes) and TIR-NBS-LRR is one of the subclasses of this gene family (Akira and Hemmi 2003) . Yu et al. www.brassicadb.org). Based on these evidences, it can be anticipated that the resistant parent Rutabaga-BF carries Crr1a and confer resistance to P. brassicae pathotypes 2, 3, 5, 6 and 8, or a cluster of genes conferring resistance to different pathotypes is present in this genomic region.
Based on fine mapping of a 1.6 cM genetic region of A8, located between the markers BRMS-088 and BRMS-173, and comparison of this region with A. thaliana chromosome 4, Suwabe et al. (2012) found evidence that this region carry two clubroot resistance genes. Our data from the evaluation of the DH population for resistance to multiple pathotypes also provide evidence that a cluster of clubroot resistance genes might be present in the chromosome A8. Cluster of other resistance genes, such as resistance to blackleg disease caused by Leptosphaeria maculans, can also be found in Brassica genome as reported by Delourme et al. (2004) for four Rlm genes D r a f t (Rlm3, Rlm4, Rlm7 and Rlm9) on chromosome A10. Cluster of disease resistance genes has also been reported in other plant species, such as lettuce (Meyers et al. 1998 ) and potato (Kuang et al. 2005 ).
Conclusion
In conclusion, mapping of the clubroot resistance locus and the SSR markers identified in this study provide valuable knowledge and tools for use in breeding of clubroot-resistant B.
napus cultivars. Earlier efforts on breeding of clubroot-resistant Brassica crop cultivars, such as Chinese cabbage, was based on the use of resistance controlled by a single Mendelian gene (Yoshikawa 1993; Matsumoto et al. 1998; Suwabe et al. 2003; Hirai et al. 2004; Piao et al. 2004; Sakamoto et al. 2008 ). However, breakdown of single-gene-resistance has been reported by different researchers (Hirai et al. 2004; Hirai 2006) ; therefore, pyramiding of multiple resistance genes into a cultivar would ensure durability of resistance under field conditions. In this regard, the genomic region and the markers identified in this study provide valuable information as this region is associated with resistance to multiple pathotypes. Furthermore, the knowledge gained from this study can also be used for pyramiding of resistance genes from different genomic regions through marker-assisted selection. The genomic region identified in this study can also be used for fine mapping of this region well as map-based cloning of the resistance gene(s D r a f t D r a f t 
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